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Computation of Mean Velocity in Open Channels Using Acoustic Velocity Meters
By Eduardo Patino and Darwin Ockerman

ABSTRACT
Commercially available acoustic velocity meter (AVM) systems are widely used for discharge computations in streams. Although AVM systems are often viewed as discharge meters, they are actually velocity measuring devices. The accuracy of the measurements depends on the calibration process that relates acoustic line velocity to mean channel velocity. The relation of acoustic line velocity (integrated measurement of velocity along a path between the transducers) to mean channel velocity depends on a number of physical factors (channel characteristics and flow conditions) and is determined from field measurements. Field discharge measurements were made at two AVM sites. Results were used to demonstrate how single and multiple linear regression models can be used to calibrate acoustic line velocity to mean channel velocity and discharge.
INTRODUCTION
Acoustic velocity meter (AVM) systems have proven to be accurate and reliable instruments for measuring velocities of water in open channels (Laenen and Curtis, 1989) . The accuracy of the measurements depends on the calibration process that relates acoustic line velocity to mean channel velocity. AVM systems, often viewed as discharge meters, are actually velocity measuring devices. Discharge in a channel is determined by:
where Q is discharge, V is the mean velocity of water for the section, and A is the flow cross-sectional area. AVM systems provide a line velocity measurement at one or several points in the vertical. The acoustic line velocity is an integrated velocity measurement along a line or path between the acoustic transducers. This line velocity is usually a reliable index of the actual mean channel velocity used to calculate discharge. Such relations can be complex and can be affected by stage or other factors that change the relative position of the line velocity with respect to the vertical velocity distribution in the channel (Patino, 1996) . To accurately relate acoustic line velocity to mean channel velocity and discharge for the flow section, a series of calibration measurements is needed, covering the wide range of flow conditions normally encountered at each site. In addition to the calibrated acoustic line velocity, the stage-area relation for the channel cross section is also necessary to determine discharge.
This report documents a technique for using acoustic line velocity to compute mean channel velocity and water discharge by means of field measurements and regression analyses. Factors that can affect this relation are described along with a model to account for these factors when computing mean channel velocity from acoustic line velocity. Two field examples are presented, demonstrating the use of regression analyses to develop the AVM rating. one transducer to the other) and the path angle with respect to the flow (measured or estimated) to calculate the velocity component of the acoustic signal in the direction of flow. The general equation for calculating acoustic line velocity is defined by Laenen and Smith (1983) as follows:
Calculating Acoustic Line Velocity
where V\ is the acoustic line velocity at the elevation of the acoustic path, L is the acoustic path length, 0 is the angle of the acoustic path with respect to flow, t^a is the acoustic signal traveltime from point b to a, and t^ is the acoustic signal traveltime from point a to b. The velocity, V/, measured by the AVM represents an averaged value across the channel or stream from transducer to transducer at a fixed elevation.
Channel Characteristics and Flow Conditions
Various channel characteristics, flow conditions, and other physical factors can affect the relation of acoustic line velocity to mean channel velocity, and in turn, affect the determination of discharge. The ideal AVM gaging site minimizes most of these factors. The fewer complicating factors involved, the simpler, more reliable, and precise the rating becomes. Physical factors that can affect the relation of acoustic line velocity to mean channel velocity are channel cross-section geometry, stage and acoustic path depth, vertical velocity profiles, temperature and density gradients, unstable flow patterns, and vegetation. These physical factors are described in detail below. Additionally, alternative solutions are provided, where possible, to correct or account for any problems.
Channel Cross-Section Geometry AVM. acoustic paths require a minimum distance below the water surface and above the channel bottom to operate properly; otherwise, signal reflections can occur from the water surface or channel bottom, causing erroneous velocity readings. For wide and shallow streams and channels, the acoustic transducers are often located a distance from shore to reach the depth necessary to avoid surface and bottom interference. Sometimes, a significant part of the channel section cannot be measured by the AVM systems as shown in figure 2. This can greatly influence the relation of acoustic line velocity to mean channel velocity. Even so, acoustic line velocity can still be used as an index for mean channel velocity, as long as discharge measurements, which include the entire flow area, are made during all or most of the hydraulic conditions possible for each specific site and assuming proportionality between the unmeasured and measured parts of the flow section. For gaging sites that have an unstable channel bottom or icecover formation, careful consideration must be given to changes in the cross-sectional area that could affect the acoustic line velocity to mean channel velocity relation.
Stage and Acoustic Path De/tf/i-Water-surface elevation (stage) is a major factor in the proper calibration of AVM systems for two main reasons: (1) minimum clearance requirements between acoustic path and water surface or channel bottom, and (2) of the acoustic path in the vertical velocity profile. The position of the acoustic path can affect the relation of acoustic line velocity to mean channel velocity. Scour and fill or ice-cover buildup can change the relative position of the acoustic path with respect to channel depth, and necessary adjustments are required to account for this effect. During low-stage conditions, proper operation of AVM systems depends on the depth of the transducers and length of the acoustic path. Shorter acoustic paths have less probability of being affected by signal reflections from the water surface or channel bottom, reducing the chances of multipath interference on the acoustic signal. Multipath interference is defined as the deterioration of the main signal due to reflections at the boundaries. Minimum clearance is calculated as described by Laenen (1985) : (3) where Dc is clearance distance, A, is wave length, and B is acoustic path length. Wave length is computed by (c/f), where c is the speed of sound in water and/is the acoustic signal frequency.
Vertical Velocity Profiles-Vertical velocity profiles depend mainly on channel width, depth, and velocity, but in shallow streams with low velocities, wind or air surface friction can also play an important role in shaping the vertical velocity profile. Ice cover can affect the velocity profile as a result of reduced flow depths and increased friction caused by the ice surface. Scour and fill can also affect the vertical velocity profile. These parameters need to be analyzed to determine their effect on the shape and stability of vertical velocity profiles and to obtain a better calibration of AVM systems. Changes in stage, magnitude of velocity, flow direction, or windspeed and direction can have a direct influence on the shape of vertical velocity profiles, and therefore, on the relation of acoustic line velocity to mean channel velocity. This relation is based on the vertical location of the transducer and the shape of the vertical velocity profile. Three vertical velocity profiles and the vertical location of the acoustic path for high and low stages are shown in figure 3 . The vertical location of the acoustic path in relation to the vertical velocity profile becomes higher with decreasing stage and becomes lower with increasing stage. The acoustic path location in the vertical velocity profile can greatly affect the acoustic line velocity to mean channel velocity relation, depending on the actual vertical velocity distribution at the site.
The magnitude of channel velocity and windspeed and direction can have a strong influence on the relation of acoustic line velocity to mean channel velocity by modifying the shape of the vertical velocity profile, even with no significant change in stage (fig. 4) . Discharge measurements at the gaging site need to be made in an attempt to cover the range of hydraulic conditions possible to define the significance of all influencing parameters.
Temperature and Density Gradients-Temperature and density gradients can change the path of the acoustic signal by refraction. This phenomenon, called "ray bending," can affect the acoustic signal in the horizontal or vertical directions ( fig. 5 ). Because the AVM instrument is programmed to compute velocity based on the actual straight-line distance between the transducers, longer refracted paths introduce error in the AVM velocity calculation. If ray bending is not so severe as to cause complete loss of signal, corrections to ray bending may be possible (Laenen, 1985) . When ray bending occurs, the apparent speed of sound of the AVM signal (based on the average of upstream and downstream traveltimes) will be slower than when no ray bending occurs because of the longer refracted signal path length.
Unstable Flow Patterns-Unstable flow patterns can be the cause of varying flow angles or vertical velocity profiles in relation to the acoustic path angle and vertical location. Momentum driven flows (tidal) can present different flow patterns for the same velocity and stage, depending on the phase of the tide cycle. Control structures might be another reason for changing flow patterns, causing unstable flow angles and/or unstable vertical velocity profiles. Unstable flow patterns can greatly affect the accuracy of the calibration of AVM systems because they have a direct effect on the relation of acoustic line velocity to mean channel velocity. Figure 6 shows one possible scenario of unstable flow patterns due to control structures where the flow angle is variable depending on which part of the structure is the source of flow.
Tidal flows can sometimes occur in both upstream and downstream directions simultaneously during a tide cycle ( fig. 7 ). This flow condition not only can affect the vertical distribution of upstream-downstream velocities, but can also distort cross-channel horizontal velocity distributions. During these conditions, the AVM might record velocities in one direction while the net flow is actually in the opposite direction. Therefore, velocity measurements need to be made to define the acoustic line velocity to mean channel velocity relation when these conditions occur.
Although AVM systems should be installed at sites that present the least number of factors affecting acoustic line velocity calibration, ideal conditions are seldom attainable. However, there are ways to account for some unstable flow patterns. For sites with variable horizontal flow angles, "cross-path" configurations ( fig. 8A ) can be used to account for the effect of changing flow angles. The error in acoustic line velocity of either path caused by a change in flow angle is offset by a compensating error in the other path. Therefore, the average of the two-line velocity measurements is far less susceptible to error than a single path. If a better representation of the vertical distribution of velocities is required on a continuous basis, a multiple vertical path configuration can be used ( fig. 8B ).
Vegetation-Excessive vegetation can affect AVM operation through signal absorption by the biomass or refraction of the acoustic signal by small gas bubbles entrapped in aquatic plants. Excessive vegetation can also result in changes of the effective flow area, the flow orientation with respect to the acoustic path, and the vertical velocity profile. How excessive vegetation can influence the effective flow area and the flow patterns through the AVM section is shown in figure 9. Vegetation can effectively change the horizontal angles of flow across the AVM measuring section and can also decrease the flow area, resulting in shifts or complete changes in the calibration ratings.
COMPUTATION OF MEAN CHANNEL VELOCITY
This section documents a technique that relates acoustic line velocity to mean channel velocity using a regression model calibrated with field measurements. As flow conditions change, it is impractical and unnecessary to account for all the physical factors which affect the acoustic line velocity to mean channel velocity relation (previously discussed). For example, an increase in stage would result in a change of several factors that affects the relation of acoustic line velocity to mean channel velocity; specifically, the position of the acoustic path in the vertical velocity profile, the shape of the velocity profile, the percentage of ungaged flow outside of the acoustic path, and other factors. However, it is only necessary to determine the change in the relation of acoustic line velocity to mean channel velocity, if the mean velocity will change as a result of changes in measurable variables, such as stage and line velocity. A series of discharge measurements made over the wide range of expected flow conditions is needed to define any change in the acoustic line velocity to mean channel velocity relation.
The model presented can be used to describe the mean channel velocity for a number of hydraulic conditions and can include several coefficients to account for all identifiable variables. The technique used to describe the relation is a least squares regression analysis in the single or multiple variable form, depending on the number of identified variables.
The model has the following equation form:
Navigational channel (wooden fenders) where V is mean channel velocity, V; is acoustic line velocity, Xj through Xn represent regression coefficients, H is stage, Pn represents other significant variables, and C is the intercept or constant. This model allows for the fact that the expected change in V for a unit change in V; can be dependent on other secondary variables. These secondary variables, Pn, can be any variable, powers of these variables, cross products of two variables, or a function of several variables.
Example 1
This section presents a least squares regression analysis in the single variable form to relate acoustic line velocity to mean channel velocity. Based on previous field experience, acoustic line velocity is the only significant variable for many AVM sites in southern Florida. Effects from other variables are negligible. The resultant calibration equation then becomes:
To solve (5), a regression analysis is performed using V; as the independent variable and the measured (mean) channel velocity, V, as the dependent variable. Careful consideration should be given to the intercept, C, because, depending on the hydraulic setting, it may or may not be negligible. For instance, tidal flow conditions (or flow reversal) may present nonzero mean channel velocities with a corresponding zero acoustic line velocity, and therefore, the intercept cannot be assumed negligible. Instrument offset (or bias) is also a factor that can be accounted for by C.
Example 1 represents a constant V to V\ relation for all flow conditions and restricts the model to situations where the mean channel velocity is dependent only on the acoustic line velocity. The canal site selected for the single regression analysis is located in southern Florida (site A) and exhibits flow conditions that fit this form of the model. Graphical representation of the relation can be obtained by plotting acoustic line velocity against mean channel velocity with Xz -as the slope of the line and C as the intercept (fig. 10 ). For this site, X,-was 0.89 and C was 0.003. Table 1 presents the data used for calibration of the AVM system at site A and presents the results of the regression analysis.
Example 2
This section presents a least squares regression analysis in the multiple variable form to relate acoustic line velocity to mean channel velocity. Stage may be the second most significant variable commonly used in the model and when included in the equation, it adopts the following form: or:
where H is stage. To solve (7), a multiple regression analysis is performed using V; and V/H as the independent variables and the measured (mean) velocity as the dependent variable. The intercept C is given the same consideration as previously described.
Example 2 represents a relation between V and YI in which every expected change in V for a unit change in V; depends also on the stage (fig. 11 ). The canal site selected for the multiple regression analysis is located in southern Florida (site B) and exhibits the hydraulic characteristics that fit this form of the model. The intercept C for this site was 0.003 (same as for site A). Because C was considered negligible for example 2, the regression analysis was performed again, however, only this time forcing the model through the origin. Because the constant C is considered to be zero for this example, (7) can take the form of:
Using (8), the velocity ratio can be plotted against the stage, H, with Xj representing a constant (intercept) and X2 representing the slope of the line. The dependency of the velocity relation (Vm/Vj) to stage at site B is shown in figure 12 . Table 2 presents the data used for calibration of the AVM system at site B and presents the results of the regression analysis.
Error Related to Velocity Rating
The error related to any velocity rating is dependent not only on the operation and accuracy of the AVM system, but also on the instrument used to make discharge measurements necessary for calibration. This rating error can be reported in different ways, including percent deviation from measured velocity, standard error of estimate (V) for the regression analysis, or residuals (measured velocity -rated velocity [or discharges]). The type of error reported depends on the method of reporting flow. For example, tidal flows can be reported as "net flow" per cycle, in cubic meters per second and the error also reported in cubic meters per second. Importantly, if the estimates of V are to be used in discharge calculations, the total error involved in the process will also include errors in the measurement of channel area.
CONCLUSIONS
AVM systems have proven to be accurate and reliable instruments for measuring the velocity of water in open channels by means of an acoustic signal that travels faster downstream than upstream. The accuracy of the measurements depends on the calibration process that relates acoustic line velocity to mean channel velocity. AVM systems provide a line velocity measurement at one or several points in the vertical. The acoustic line velocity is an integrated velocity measurement along a line or path between the acoustic transducers.
AVM systems, often viewed as discharge meters, are actually velocity measuring devices. Various physical factors (channel characteristics and flow conditions) can affect the relation of acoustic line velocity to mean channel velocity, and in turn, affect the determination of discharge. The ideal AVM gaging site minimizes most of these factors. The fewer complicating factors involved, the simpler, more reliable, and precise the rating becomes.
Analyses were performed at two canal sites in southern Florida to relate acoustic line velocity to mean channel velocity by means of a regression model calibrated with field measurements. Discharge measurements were made over a range of flow conditions to define the relation between acoustic line velocity to mean channel velocity at each site. Example 1 produced a simple regression model with acoustic line velocity as the only variable, and example 2 produced a more complex model that included both acoustic line velocity and water-surf ace elevation as variables. Other field situations may require that different variables be included in the regression model. Results were used to demonstrate how single and multiple linear regression models can be used to calibrate acoustic line velocity to mean channel velocity and discharge.
